This manuscript describes a inverted perovskite photovoltaic in which the the electron extraction layer consists of PCBM-only, PCBM + AZO nanoparticles, or PCBM + AZO nanoparticles + SnO2 ALD overcoat. The work convincingly shows an improvement in PV stability with the 3-step overcoat as well as supports a hypothesis for the mechanism by which the devices are stabilized.
1. The results of the most successful device on stability [ Ref 17 , Science 350, 944-948 (2015)] shall be briefly described and discussed in the introduction. The device architecture of this communication is conceptually similar to that Science paper, except the use of bilayer oxide. I think the advantages and novelty (vs that Science paper work) shall be clearly expressed in the introduction to show the importance of this work. Otherwise, changing materials can only be considered as a minor progression or follow-up. 2. For the XRD results, the spectra seem to contain only the diffraction pattern of perovskite. As the author said in the manuscript the sample is a full device, I think the author shall see the diffraction of those constituent layers to prove that the sample is the full device and cover with EEL and metal contact. Please clarify this issue. It is quite unusual that under ambient condition, no PbI2 signal were observed. In general the formation of PbI2 prevails extremely fast in air. The explanation of "noncrystalline nature of the degradation product" is not very convincing as no amorphous feature in the I am satisfied with the revisions to the manuscript. Although a simultaneous temperature and moisture (damp heat) test, which all commercial PV must pass, would be most interesting there is sufficient data included here for an initial report. The changes raise the quality of this revised work to those required by Nature Comm. I support prompt publication.
Reviewer #2 (Remarks to the Author):
The revised version has addressed most of the comments and questions raised by the reviewer properly. I would recommend its publication.
Reviewer #3 (Remarks to the Author):
Based on the responses and reading the revised paper the referee believes that the paper may now be suitable for publication in Nature communications.
Point 1 and 2:
The role of metal contact versus SnOx layer in protecting against water vapour ingress has been clarified. The comparison between vapour transmission rates for metal versus ALD grown SnOx is welcome. Point 3: Though a comparison of gold and silver as an electrode and the investigation of the use of SnOx/AZO as a blocking layer (ie reducing migration of metal atoms from electrode) are important issues the referee accepts that this is potentially beyond the scope of the current work. Point 5: The additional solar cell stability experiments ( Figure S8 ) are welcome and serve to clarify the concerns of referee 3. Point 6: comments regarding thickness of Ag layer clarified. Concerning the origin of the drop in the fill factor (FF): the discussion is welcome. However, the referee has an additional question here: Did the authors observe a change in hysteresis in fresh versus aged samples. (referring to a device that is treated in the same way as in Figure 5 ; main manuscript). For example, a device that is using an AZO/SnOx extraction layer (with and without heating at 60C)?
Reviewer #1 (Remarks to the Author):
This manuscript describes an inverted perovskite photovoltaic in which the electron extraction layer consists of PCBM-only, PCBM + AZO nanoparticles, or PCBM + AZO nanoparticles + SnO2 ALD overcoat. The work convincingly shows an improvement in PV stability with the 3-step overcoat as well as supports a hypothesis for the mechanism by which the devices are stabilized.
Reply:
We appreciate the referee's assessment of our work. We were pleased to read that he finds our results convincing.
The originality and interest of the report is good but modest. Although the authors do not highlight previous ALD-over - The thickness of the SnO2 layer is suggested to be 20 nm, but this ignores the high likelihood that the ALD SnOx has coated a significant fraction of porous interior of the nanoparticle AZO on which it is grown. We also added to the experimental section: "Rutherford backscattering (RBS) Overall the paper is modestly well written and its conclusions are sound. However, the impact appears to be below the very high bar of nature communications as the lifetime is good (350 hrs) but never pushed to the real boundaries previous pervoskite systems (1000 hrs of illumination, high relative temperature and humidity, etc) the methods is not totally novel, and efficiency is modest (although unoptimized). While I don't believe all high impact papers need to be 18+ % efficient, the mechanism by which the most efficient devices fail is important. Suggested improvements are stability tests that push the device to failure including light soaking under temperature and humidity followed by publication in a journal similar to E&ES. Figure 4) . We believe that these numbers now more impressively underline the stability enabled by our inverted device structure with impermeable AZO/SnOx EELs. 4, 5 . Heat was found to be a dominating source of degradation in these mixed cation perovskite cells. 6 Note, our inverted device structure based on the impermeable AZO/SnOx electron extraction layer is generally applicable and can also accommodate these next-generation perovskite photo-active systems with enhanced stability and efficiency. 7 " Finally, we agree with the referee that Energy&Environmental Science (E&ES) would also be a potential outlet for our work. While we are convinced that both journals are highly respected, we decided to choose Nature Communications in this case.
Reply

As requested, we have updated the lifetime data for the cells aged at elevated temperature (60°C) which now extends to 1032 h (new
This manuscript described the use of a bi-layer oxide AZO/SnOx as electron extraction layer to improve the stability of perovskite solar cell. Stability is a crucial issue for perovskite solar cell before it can be considered as a promising alternative for current existing technologies. The finding and phenomena reported in this communication could be interesting for the community. However, several issues need to be addressed before the acceptance by high-ranking journal.
1. The results of the most successful device on stability [ Ref 17, Science 350, 944-948 (2015)] shall be briefly described and discussed in the introduction. The device architecture of this communication is conceptually similar to that Science paper, except the use of bilayer oxide. I think the advantages and novelty (vs that Science paper work) shall be clearly expressed in the introduction to show the importance of this work. Otherwise, changing materials can only be considered as a minor progression or followup.
Reply:
The Science paper mentioned by the referee used an inverted planar device structure. 9 As a result, the device stability tests which afforded a lifetime of 1000 h, were done with additional encapsulation." 2. For the XRD results, the spectra seem to contain only the diffraction pattern of perovskite. As the author said in the manuscript the sample is a full device, I think the author shall see the diffraction of those constituent layers to prove that the sample is the full device and cover with EEL and metal contact. Please clarify this issue. It is quite unusual that under ambient condition, no PbI2 signal were observed. In general the formation of PbI2 prevails extremely fast in air. The explanation of "non-crystalline nature of the degradation product" is not very convincing as no amorphous feature in the XRD spectra.
We fully understand the comment of the referee. To explain: The XRD spectra shown in Figure 3a were Figure S3 in 10 PbI2, 11 ITO, 12 and Ag, 13 were taken from the respective references.
not measured with the uttermost sensitivity of our equipment, which means that (the weak) signals from Ag or ITO were not clearly visible. Even though, upon closer inspection of the spectrum in Figure 3a, a number of additional weak peaks are present. To clarify the question of the referee, we measured an identical sample again in XRD with a 10 times longer integration time (measurement time for one spectrum: 18 hours) to obtain a better signal to noise ratio and to render these weaker peaks better visible. Moreover we chose a logarithmic representation and included this spectrum as new
We also updated Figure 3a and the inset in Figure 3a with the spectra measured with greater sensitivity. In the manuscript we now note the small PbI2 peak that is present in the fresh samples, already. We also notice that after 7 days of storing the device in ambient air, the PbI2 peak did not show a notable increase. (Figure 3a) Figure 3a) . However, the detection of iodine at the surface (XPS data Figure 3b ) and the severe degradation of the Ag electrode (Figure 3c,d) We have also added the survey spectra for all samples in the supporting information ( Figure S4) Figure 3b is not due to an interaction of Iodine with e.g. silver, we analyzed the iodine XPS spectra of pure MAPbI3, as well as of the precursors MAI and PbI2 (see figure below) . All of these spectra show this shake up feature at around 622 eV (red curve).
In the revised manuscript it now reads: "As this XRD measurement has been made on a full device stack, further signals related to the Ag and ITO electrodes are visible. A detailed assignment of these peaks is shown in the supporting information (Figure S3). Only a very weak signal due to PbI2 was found, which did not significantly increase even after seven days in air
The peak around 622 eV in the XPS spectrum shown in Figure 3b, does not represent another bonding state of the iodine, it is rather a so called "shake-up" peak. The shake-up process is a two electron process in which a part of the kinetic energy of the photoelectron is used to lift-up an additional electron into an excited state, resulting in an excited ion. Due to the loss in kinetic energy, the apparent binding energy of the emitted and analyzed photoelectron is hereby increased by the energy necessary for the excitation (typically a few eV). Such shake-up peaks are commonly observed in any strong XPS signal. To show that the feature in
To clarify, we added in the revised version of the paper: 
Reply:
The measurements were taken on top of Ag. It may have been overseen, but in the original version of the manuscript we had already specified this in the respective figure caption.
5. To demonstrate real stability for solar cells, light soaking is necessary. Especially for perovskite solar cell, light soaking results can really substantiate the claim for long term stability. To be published in such high impact journal like Nature Communications, I think the authors shall show stability under light soaking.
We also agree with the referee that light soaking tests (under Figure 1 , and we had clearly shown that the encapsulation due to the AZO/SnOx layer is efficiently blocking the ingress of moisture. Figure S8 (also shown above in this reply).
The results of the new light-soaking/heating stress tests are shown in the new
In the manuscript we added the following discussion: (Figure S8f) . This is why we conclude that photo-induced trap-state formation occurs in our cells. However, there have been recent reports confirming that photo-induced degradation is not a general problem of organolead halide perovskites, and some optimized mixed cation / mixed halide perovskite active materials were shown to be far less prone to light soaking degradation. 4, 5 . Heat was found to be a dominating source of degradation in these mixed cation perovskite cells. 6 Note, our inverted device structure based on the impermeable AZO/SnOx electron extraction layer is generally applicable and can also accommodate these next-generation perovskite photoactive systems with enhanced stability and efficiency. 7 
"
6. The unit of EQE on Figure 1b is wrong.
Reply:
Thank you for pointing us to this error. We have revised Figure 1 b accordingly. 7. The first inverted perovskite solar cell using PEDOT:PSS and PCBM shall be cited in the introduction. Adv. Mater. 2013, 25, 3727.
As requested, we have added the reference to Adv. Mater. 2013, 25, 3727 in the introduction.
Overall, I suggest a minor revision for this manuscript.
We deeply value your comments that helped us to improve our paper.
Reviewer #3 (Remarks to the Author):
The manuscript by Brinkmann et al address the use of AZO/SnOx electron extractor layers in hybrid perovskite solar cells. More specifically, the paper reports improved device stability when such AZO/SnOx layers are used in inverted type solar cells. The paper is interesting but in the current state the paper is not suitable for a journal like Nature Communications. There are a number of significant issues that must be addressed.
1 The more detailed mechanism of how the combined AZO/SnOx layer interlayer improves stability needs to be established. This is not at all clear from the data presented in the paper. 2 Following from above, what is the mechanism by which the SnOx layer improves stability? How does it block water getting in the device? Surely most of the diffusion occurs from the sides of the devices and through the silver? Why can't the metal electrode act as a barrier to water? It is not beyond the realms of possibility that approximately 100 nm thick (or several 10's nm thick) metal electrodes can function good physical blocking layers. Perhaps this should be investigated.
Comments 1+2 point into the same direction, thus we are going to reply to them combined: 3 The authors suggest that the silver electrode may be involved in the degradation of the device in presence of water. Have the authors tried to replace the silver electrode with lets say gold (which is known to be more stable than silver) in control devices that do now contain the SnOx layer: ITO/PEDOT/active layer/gold.
We are aware of some reports claiming improved stability of perovskite solar cells due to the use of Au. On the other hand, this claim is not free of ambiguity, as there are also reports that found long-term stability issues related to the migration of Au. 6 4, 5 . Heat was found to be a dominating source of degradation in these mixed cation perovskite cells. 6 Note, our inverted device structure based on the impermeable AZO/SnOx electron extraction layer is generally applicable and can also accommodate these next-generation perovskite photoactive systems with enhanced stability and efficiency. 7 
"
6 In the temperature stability measurements shown in figure 4 . It is shown the drop in performance is mainly due to a drop in the fill factor. The authors should discuss the origin of this. The authors should also perhaps repeat temperature stability experiments using a thicker electrode layer -certainly thicker than 10nm !! It is not surprising that with such thin layers of silver (e.g. 10nm) increase the chance that the degradation products escape.
Reply:
Obviously, there is a misunderstanding. The devices presented in Figure 4 were based on 100 nm thick silver electrodes. The 10 nm Ag layers were only used in the XPS experiments to provide more sensitivity in the degradation effect.
To avoid further misconceptions we have specified the electrode thickness in the caption of Figure 4 : "In this set of samples, the thickness of the ALD SnOx layer was 20 nm and that of the Ag electrode was 100 nm."
